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Abstract 
By introducing design of experiment (DOE), we examined the effect of processing parameters, such as peening 
pressure, particle supply rate, peening time, and heating time, on the characteristics of modified layers. The surface of 
structural steel was modified by AIH-FPP with Cr shot particles at 900ć in an argon atmosphere. Results showed 
that the peening time strongly affected the levels of oxygen concentration at the treated surface; the longer the 
peening time, the higher the oxygen concentration. Heating time also affected the Cr concentration at the surface; the 
longer the heating time, the higher the Cr concentration. Corrosion tests were performed using a three-electrode 
electrochemical cell connected to a computer driven potentiostat. The specimens with Cr diffused layers showed 
higher corrosion resistance compared to other specimens.  This is because of the existence of passive films on treated 
surfaces. 
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1. Introduction 
Fine particle peening (FPP) is one of the various new processes for surface modification that have been 
proposed in recent years and is in various stages of application. This process is mainly used to improve 
the fatigue strength [1,2] and generate a nanocrystalline microstructure [3-6] of steel used for machine  
and structural components. In addition, previous research showed that shot particles transferred to the 
surface due to increasing temperature and plastic deformation [7-10].
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In our previous study, we focused on shot particle transfer by FPP in order to utilize this phenomenon 
as a surface modification method [7-11] and developed a new surface treatment system that combined a 
high-frequency induction heating (IH) system with FPP, enabling control of the process atmosphere 
(referred to as AIH-FPP) [12]. This system can generate a shot particle diffused layer, not only a 
transferred layer on a metal substrate. It is assumed that the behavior of shot-particle transfer and 
diffusion by AIH-FPP vary depending on the processing parameters. However, it is difficult to clarify the 
shot-particle transfer and diffusion behavior systematically. This is because there are a wide variety of 
processing parameters interacting with each other. The aim of this study is to examine the effect of 
changing the processing parameters on the characteristics of surface modified layers generated by AIH-
FPP, by introducing design of experiment (DOE). In addition, after evaluating the corrosion resistance of 
the AIH-FPP treated specimens, the possibility of a practical application of the system is discussed.
2. Experimental procedures 
2.1. Specimen preparation and characterization 
Steel bars (AISI 1045), 15mm in diameter, were machined into 4-mm-thick disks. These specimens 
were polished with #320- #1200 emery paper, and their surfaces were then modified by AIH-FPP. The 
characteristics of the surface microstructures of the treated specimens were examined by a scanning 
electron microscope (SEM), an energy despersive X-ray spectrometer (EDX), and X-ray diffraction 
analysis (XRD). Electrochemical corrosion tests were performed using a three-electrode electrochemical 
cell connected to a computer-driven potentiostat. Platinum was used as the counter electrode, and a 
saturated calomel electrode (SCE) was used as the reference electrode. The electrolyte solution, a 3% 
NaCl solution, was maintained at 25ć.
2.2. Atmospheric controlled IH-FPP (AIH-FPP) system and processing parameters 
Figure 1 shows a schematic illustration of the AIH-FPP system [12]. The specimen was set into the 
heating coil and the atmosphere in the chamber was replaced by supplying argon gas through the FPP 
nozzle. After the oxygen meter (measuring tolerance f0.3%) indicated 0.0%, Cr particles (30~50Pm in 
diameter) were peened by the AIH-FPP system at 900ć. The heating condition is shown in Fig.2. 
Peening pressure, particle supply rate, peening time, and heating time after the peening process were 
chosen as the factors for DOE. Table 1 shows the list of factor levels used in this study. An L8(27)
orthogonal array shown in Table 2 was used to analyze the effect of processing parameters on 
characteristics of modified layers. 
Fig. 1. Schematic illustration of the AIH-FPP system              Fig. 2. Heating condition 
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Table 1. Factor levels for the design of experiment                      Table 2. L8(27) orthogonal array with factor levels 
3. Results and discussion 
3.1. The characteristics and corrosion resistance of surface modified layers  
Figure 3 shows the X-ray diffraction pattern of the specimens. Diffraction peaks of the base material 
(Fe), the shot particles (Cr) and their oxides (FeO, Cr2O3, FeCr2O4) were revealed in six of the eight 
specimen series, No. 1, 2, 4, 6, 7 and 8. This indicates that the transferred shot particles and the base 
material reacted with small amounts of oxygen in the chamber, while the No. 3 and 5 series revealed 
diffraction peaks of the base metal (Fe) only. This result implies that the transfer and diffusion of shot 
particle elements vary depending on the processing parameters.  
Figure 4 shows the results of EDX analyses, with Fe, Cr and O mappings observed at the longitudinal 
sections of the specimens. In the No. 1 series specimen, Cr and O were detected near the surface and there 
was a clear interface between those elements and the base metal (Fe). This implies that a Cr transferred 
layer from the shot particle was formed. In the No. 2, 4, 6, 7 and 8 series specimens, however, Fe and Cr 
elements combined to form a mixed layer beneath the Cr transferred layer. This mixed layer was formed 
by diffusion of the transferred Cr particles. In the No. 3 and 5 series specimens, only a Cr diffused layer 
was observed at the surface. These results are consistent with the XRD analyses (Fig.3).   
Consequently, the characteristics of surface modified layers generated by AIH-FPP were divided into 
three types: (i) a Cr transferred layer, (ii) a Cr transferred and diffused layer and (iii) a Cr diffused layer. 
 Potentiodynamic polarization measurements were carried out to evaluate the corrosion resistance of the 
AIH-FPP treated specimens. Fig.5 shows the results. The specimens with Cr transferred and diffused 
layers showed higher free-corrosion potential (FCP) than that with a Cr transferred layer only (No. 1). 
The specimens with Cr diffused layers (No. 3 and 5) also showed the same levels of FCP. In addition, 
these specimens showed passive current density. This indicates that a passive film can be generated at the 
surface of a specimen by the AIH-FPP treatment.  
Fig. 3. X-ray diffraction pattern of (a) No.1-4 series and (b) No.5-8 series 
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Fig. 4. EDX maps analyzed at the longitudinal sections of the specimens
Fig. 5. Anodic polarization curves for (a) No.1, 2, 4, 6, 7, 8 series and (b) No.3, 5 series 
The results mentioned above showed that the generation of a Cr diffused layer significantly improved 
the corrosion resistance of ordinary structural steel specimens. 
3.2. Processing parameters which control diffusion of Cr 
Figure 3 shows the result of XRD analysis. No oxidized films were observed in the specimens with Cr 
diffused layers (No. 3 and 5). This suggests that in order to form a Cr diffused layer, it is necessary to 
avoid the concentration of oxygen at the surface of the specimen.  
To clarify the processing parameters which control the formation of surface modified layers, we carried 
out the analysis of variance (ANOVA) for O concentration. Table 3 shows the results. We pooled the 
factors labeled with ƻ to the error due to the low value of sum of squares. Error e' obtained by the pool 
of these factors was used to calculate a contribution rate. The contribution rate of peening time to the O 
concentration was 56.2%, and the significance level was 5%. Fig.6 shows the response plots for the O 
concentration. The O concentration increased with an increase in the peening time. This implies that the 
oxidation of specimen surfaces can be reduced by shorting the peening time.  
Table 4 shows ANOVA for the Cr concentration at the surface. The significance level of peening 
pressure, particle supply rate, peening time, and the interaction of particle supply rateand peening time 
were 5%. The significance level of heating time was 1%. The contribution rate of heating time was 62.5%. 
This means that the heating time strongly affects the amount of Cr concentration. Fig.7 shows the 
response plots for the Cr concentration. The results showed that Cr concentration was affected by heating 
time after the peening process; the longer the heating time, the lower the Cr concentration. This is because 
the heating process accelerates diffusion of the shot particle element. 
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Table 3. Analysis of variance for O concentration 

Fig. 6. Response plots for O concentration 
Table 4. Analysis of variance for Cr concentration 
Fig. 7. Response plots for Cr concentration 
The result of ANOVA for the thickness of surface modified layers showed that the significance levels 
of the peening pressure, particle supply rate, and their interaction were 5%. However, no noticeable 
differences in their contribution rates were observed.  
3.3. Effects of peening pressure and particle supply rate on shot particle transfer and diffusion behavior 
In order to investigate the effects of peening pressure and particle supply rate on the behavior of shot 
particle transfer and diffusion, we prepared six series of specimens treated with different peening 
conditions (peening pressure of 0.3 and 0.5MPa, particle supply rate of 0.2, 0.5 and 0.8g/s, peening time 
of 30s, and heating time of 60s).  Fig. 8 shows EDX mapping observed at the longitudinal section of the 
specimens.  A Cr diffused layer was generated in all specimens when the peening time was 30 s and the 
heating time after the peening process was 60 s. However, the thickness of Cr the diffused layer was 
different depending on the processing parameters. The results of two-way factorial ANOVA without 
replication showed that the contribution rate of peening pressure to the thickness of the diffused layer was 
93%, and the significance level was 1%. Since the peening pressure strongly affects the Cr diffused layer 
thickness, a thicker diffused layer was observed when peening pressure was 0.5MPa. This is because 
higher peening pressure increases the temperature of treated surfaces [13] and generates a fine-grained 
layer [3-6], which accelerates diffusion of Cr.  
4. Conclusion 
In this study, we examined the effects of processing parameters such as peening pressure, particle  
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Fig. 8. EDX maps analyzed at the longitudinal sections of the specimens 
supply rate, peening time and heating time on characteristics of surface modified layers by introducing 
design of experiment. The surface of AISI 1045 steel was modified by AIH-FPP with Cr shot particles at 
900ć in an argon atmosphere. The effect of surface modified layers on corrosion resistance was also 
investigated. The results are summarized as follows:   
(1) The characteristics of surface modified layers generated by AIH-FPP were divided into three types: 
(i) a Cr transferred layer, (ii) a Cr transferred and diffused layer and (iii) a Cr diffused layer. 
(2) The surfaces of the specimens with Cr diffused layer were covered with a passive film, resulting in 
higher corrosion resistance. 
(3) In order to generate a Cr diffused layer, it is useful to shorten the peening time and to maintain the 
temperature after the peening process. Peening pressure strongly affected the thickness of Cr diffused 
layers; the higher the peening pressure, the thicker the Cr diffused layer.  
(4) The characteristics of surface modified layers generated by AIH-FPP can be controlled by varying 
processing parameters. 
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